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Abstract 
Quantitative visualization of CO2-oil mixture flows through channels that simulate CO2 expansion devices 
was pursued.  The existence of traces of lubricant oil (specifically polyolester (POE)) in the working medium makes 
the flow amenable to laser-induced fluorescence (LIF) diagnostics.  This technique is used to visualize the flow of 
CO2-oil mixtures through an optically accessible test section under various operating conditions.  The results of the 
measurements provide data on the concentration of the lubricant that is entrained by CO2 in the expansion device as 
well as information about the form with which the oil is transported through the ejector (liquid films, droplets, mist, 
etc.).  Further flow visualization was accomplished using high-speed cinematography, which revealed information 
about the oil film structure as a function of oil circulation rate and CO2 flow rate.  Further experiments using laser-
based shadowgraph were conducted and the need for a square cross-section was established due to refraction in the 
round tubing. Results from these experiments will guide the design of practical ejector geometries and will also 
indicate the extent to which various flow models may be employed in the investigation of CO2 refrigeration systems 
with ejectors. 
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Chapter 1:  Introduction 
As one of the naturally occurring refrigerants, carbon dioxide offers many notable advantages over modern-
day hydrofluorocarbon (HFC) and chlorofluorocarbon (CFC) refrigerants.  These advantages include low 
environmental impact, abundant availability, improved heat transfer properties, high volumetric capacity and its 
compatibility with normal lubricants and construction materials [1] and [2].  These advantages were first widely put 
to use in the late 1800s as food-related industries and human occupied places preferred CO2 refrigeration over the 
highly toxic and flammable ammonia and sulfur dioxide-based systems.  However, by the 1930s engineers began to 
migrate to fluorocarbon-based cycles in search of higher efficiency.  Based on the fact that fluorocarbons operated at 
substantially lower heat rejection pressures than CO2, fluorocarbon-based systems required less compressor work 
leading to better efficiencies [1]. 
More recently, the discovery of the detrimental environmental effects of chlorofluorocarbon (CFC) based 
refrigerants has sparked a renaissance in the use of carbon dioxide as a refrigerant.  While it is true that current 
hydrofluorocarbon refrigerants are not reactive with ozone, it is impossible to predict what long-term impacts may 
come from these manufactured fluids.  As suggested in [1], the only way to be sure a refrigerant will have no lasting 
environmental impact is to use a naturally occurring substance such as carbon dioxide.  
However, this renewed interest in CO2 has also increased interest amongst HVAC engineers seeking to 
reduce the throttling related exergy destruction that takes place in conventional expansion device.  The lost work 
(destroyed availability) associated with Joule-Thompson throttling during expansion in the refrigeration cycle is 
magnified when typical HFC refrigerants are replaced by high pressure carbon dioxide and is a major contributor to 
the decreases in COP observed in a standard CO2-based refrigeration cycle [3]. 
A theoretical study by Brown et al. [3] compared a typical vapor-compression cycle using R-22 and a 
transcritical cycle using CO2 in residential air conditioning applications.  Using equivalent heat exchangers in the 
two systems, the R-22 system showed significantly higher coefficient of performance (COP) values.  A subsequent 
entropy analysis concluded that the highest level of irreversibilities occurred in the expansion device, and, together 
with the higher level of irreversibilities in the gas cooler of the CO2 system, were the primary source of the decrease 
in COP seen in the CO2 system.  More recently, theoretical exergy analysis [4] showed highest irreversibilities in the 
throttling valve and was the main cause of the drop in COP seen in the throttling valve cycle with CO2 refrigerant.  
They concluded that a high efficiency expansion device is essential in order to improve the performance of the 
transcritical CO2 cycle.   
1.1. Mechanical Expansion Devices 
During the past 20 years, a wide variety of work recovery expansion devices have been proposed that seek 
to recover the high throttling losses typical during expansion in CO2 refrigeration systems.  The practical realization 
of theoretically proposed expanders (turbines that would produce power that would in part drive the compressor) 
involves significant complications with regard to moving parts and appropriate regulation of the power flow in the 
compressor-turbine cycle [5]. 
A piston-cylinder work producing expansion device has been tested extensively by various research groups 
as a means to recover lost work during expansion [5-8].  Under optimized operating conditions, isentropic 
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efficiencies have been reported to be on the order of 50%, with a corresponding COP increase as high as 30% over 
systems without the expander.  However, these prototype designs involve significant complications due to the high 
number of moving parts and resulting problems with leakage.  Furthermore, these systems require active valves and, 
therefore, a complex control structure [9]. 
1.2. Refrigerant Ejector Expansion Device 
A significantly simpler idea involves a flow ejector and is shown schematically below in Figure 1.1.  An 
ejector is a highly simplified work recovery device in comparison to the devices discussed in Chapter 1.1.   
The refrigerant ejector [10] is based on the isentropic conversion process of pressure-related flow work into 
kinetic energy.  As the motive fluid enters the ejector (at ‘A’ in Figure 1.1), it experiences an increase in velocity as 
it passes through the ejector to the low pressure side of the nozzle (just before ‘C’).  The corresponding decrease in 
pressure is used to entrain the low pressure secondary stream exiting the evaporator by momentum exchange (at 
‘B’), accelerating the secondary fluid to a subsonic vapor stream.  This momentum exchange effectively creates a 
pumping action on the fluid, aiding the compressor and increasing the cycle COP.    
Compressor
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Ejector
2
3
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exchanger
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Figure 1.1: Refrigeration cycle with ejector and internal heat exchanger [11] 
Mixing starts through the mixing section labeled ‘C’ in Figure 1.1.  In this section, both streams develop 
uniform pressure and choking of the secondary flow occurs.  The diffuser section (section ‘D’ in Figure 1.1) then 
isentropically re-compresses the refrigerant as the mixed streams are decelerated.  The compression that occurs in 
the diffuser section effectively lowers the pressure ratio in the compressor in comparison to the conventional cycle 
without the ejector.  This lowered pressure ratio, along with the “pumping” generated, both work to lower the 
compressor load and thus the ejector refrigeration system theoretically yields dramatically higher system COPs [11]. 
Some of the earliest work comparing the ejector system to the conventional cycle showed theoretical 
increases in the COP of 21% for systems operating with R12 as the working fluid at an outdoor temperature of 30 
°C and an evaporation temperature of -15 °C [12].  Later theoretical work with R134a predicted increases in COP of 
12%.  However, it is important to note here that the same researchers’ experimental results using R134a showed an 
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increase in COP on the order of 5% [13].  The disparities between the experimental and theoretical results were 
mainly attributed to difficulties in the design of an ejector that would operate as expected under the wide range of 
flow conditions experienced in the test matrix.   
For the same conditions described above, the COP of the CO2 ejector cycle was found to be 53% larger 
than that of the standard CO2 system.   The theoretically predicted COP increase for the CO2 ejector system 
exceeded 70% for a system with a higher compressor discharge pressure of 150 bar, an increased evaporation 
temperature of 5 °C and an increased outdoor ambient temperature of 45 °C.  While these results show the benefits 
of using the refrigerant ejector with CO2 as the working fluid versus systems working with conventional refrigerants, 
the results make some assumptions that lead to inflated predictions for the COP values.  Despite the assumption of 
100% isentropic efficiency for the ejector, little information is known regarding the structure of the flows leading to 
a variety of fluid mechanical assumptions that have yet to be experimentally verified.  Also, the possible presence of 
compressor oil in the CO2 working medium during the expansion is not accounted for in the theoretical models.  The 
flow of three separate phases (two for CO2 and one for oil) can significantly affect the flow pattern and therefore the 
operation of the expansion device.  The formation of oil films effectively restricts the diameter of the expansion 
device and can cause blockage in the relatively small diameter ejector geometries.  Furthermore, the formation of oil 
mists and/or oil droplets can affect flow inertia. 
Although ejector performance is significantly affected by the ejector design and refrigeration loop 
operating conditions, relatively little work has been accomplished in the area of two phase flow visualization 
through ejector geometries.  Two phase flow visualization will guide the design of practical ejector geometries and 
will also indicate the extent to which various flow models may be employed in the investigation of CO2 refrigeration 
systems with ejectors.  Furthermore, flow visualization will provide insight into the interaction between the CO2 and 
the oil as they pass through the throat of the ejector.  To our knowledge, flow visualization experiments under 
practical conditions that pertain to CO2 refrigeration have not been attempted before for these flows.  The following 
section will give a detailed discussion on the various flow visualization techniques that will be presented in 
subsequent sections. 
1.3. Laser-Based Diagnostic Techniques 
The laser-based diagnostics described in this section along with the back-lit high-speed cinematography 
offer non-intrusive, spatially precise, instantaneous measurements at high rates.  Whether using the 12,000 frame per 
second high-speed camera or relying on the laser-induced fluorescence emissions that occur on the order of nano-
seconds, measurements are all taken at very high rates enabling the tracking of flows and oil molecules at a high 
frequency.  This section will provide a detailed discussion of the theory behind the two laser-based techniques used 
for flow visualization, which include laser-induced fluorescence (LIF) and laser-based shadowgraph.  The details 
regarding the specific hardware used for both methods will be discussed in Chapter 2. 
1.3.1. Laser-induced fluorescence 
Laser-induced fluorescence (LIF) is an imaging method, by which atoms or molecules are excited by a 
laser source to a higher electronic energy state through absorption.  After a finite period of time, de-excitation occurs 
through spontaneous emission of radiation from this upper energy level.  As these molecules de-excite they emit 
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light in the form of radiation.  In general, the wavelength of the fluorescence emission is different from the incident 
laser beam, and occurs primarily at longer wavelengths [14], because high-energy molecules lose energy between 
absorption and emission through radiation-less collisions, as shown in Figure 1.2.   
 
Figure 1.2: Representation of absorption and subsequent stokes shifted fluorescence, typical of LIF 
At its most general, the fluorescence intensity is a measure of the number density of the molecule of 
interest.  Specifically, fluorescence signal power may be expressed as: 
ν π
Ω= A2 21 4F h N A A  (1.1) 
where h is Planck’s constant, ν is the frequency of the emitted fluorescence, N2 is the population of the excited 
energy level, A21 is the spontaneous emission rate,  Ω is the collection solid angle, ℓ is the axial extent along the 
beam from which the fluorescence is observed and A is the focal area of the laser beam [14].  In order to establish 
the proportionality between laser signal power and the number density of the molecule of interest, we must hold the 
laser settings and collection techniques constant and neglect quenching.  Quenching occurs when molecules in the 
excited energy levels release their energy through collisions with other molecules and fail to emit fluorescence.  The 
effects of quenching are neglected in our case due to the low temperatures associated with our experiments. 
While LIF is widely used due to its strong signals, several basic criteria must be met in order to perform 
fluorescence measurements on a given molecule.  First, the molecule must have a known emission spectrum.  Not all 
molecules will fluoresce and if they do emit fluorescence the emission spectrum must be known.  Second, the laser 
source must produce a wavelength which corresponds to the absorption wavelength of the molecule of interest.  
In our case, the existence of lubricant oil in the working medium makes the flow amenable to Laser 
Induced Fluorescence (LIF) diagnostics.  The polyolester (POE) compressor oil will absorb in the near UV region 
(~266 nm), which is accessible using the fourth harmonic of an Nd-YAG laser.  The molecular structure of typical 
lubricants (Figure 1.3) is rich in carbon – oxygen double bonds which can cause fluorescence when excited in the 
near ultra-violet region of the spectrum.  This is the reason why e.g. light ketones are used as fuel tracers in 
combustion diagnostics [15]. 
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Figure 1.3: Molecular structure of typical lubricant oils for CO2 refrigeration systems, (a) Polyolester, (b) 
Polyaklylene glycol 
1.3.2. Laser-based shadowgraph 
The shadowgraph technique is a well established method that employs the approximately linear relation of 
the index of refraction in a gas to density in order to yield integrated-line-of-sight images of features of the density 
field.  In particular, the shadow signal can be shown to be proportional to the second derivative of the index-of-
refraction distribution in the direction perpendicular to propagation (or, more accurately to ∇2η, where η is the index 
of refraction and ∇2 is calculated at a plane perpendicular to propagation).  Under external flow conditions and 
within appropriate geometry, these signals can clearly reveal fluid mechanical phenomena such as shock waves and 
expansion fans.  Figure 1.4 shows a shadowgraph image of a supersonic bullet traveling through air.  All of the 
disturbances surrounding the bullet are simply variations in air density surrounding the bullet.  Most notably, one 
normal and two oblique shock waves are established, followed by expansion fans toward the aft. 
 
Figure 1.4: Shadowgraph image of a supersonic bullet [17] 
However, initial investigation into the shadowgraph method with applications to optically accessible round 
quartz ejectors produced unexpected results.  The tight radius of curvature of the round quartz tubing, used to 
simulate the ejector geometries, caused refraction and subsequent scattering of the laser light.  This, in effect, 
prevents the passage of light out of the tube and does not allow formation of a shadowgraph image.  As a solution to 
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the lens nature of the tubing, quartz geometries were manufactured out of square cross-section tubing to allow 
passage of light and generation of shadowgraph images.  The details of these geometries will be discussed in the 
Chapter 2 of this thesis. 
1.4. Scope of Present Work 
The work that is presented here was conducted in order to experimentally investigate the structure of 
carbon dioxide flows in simulated ejector geometries and to probe the interaction of compressor oil with the CO2 
during expansion.  By constructing optically accessible quartz ejector geometries in conjunction with laser-based 
diagnostics, we were able to investigate the flow structure of CO2 through constant ID quartz geometries and also 
through step-change expansion geometries.  By varying the location of the laser sheet and camera height, oil 
concentration measurements were taken at 3 points along the center line of the tube: just before the expansion, 
during expansion, and just after expansion.  The results from these experiments provide information on the form of 
the oil as it passes through the throat of the ejector as well as information about the number density of oil molecules 
in each region. 
The quantitative results obtained from the LIF experiments were complemented qualitatively through the 
use of a 12,000 frames-per-second high-speed camera.  Once again, results were obtained at the same three points 
along the ejector.  These results qualitatively show the oil film structure along the walls of the tube.  
Finally, the shadowgraph method was employed in square cross-section tubing in order to investigate the 
flow structure of pure gaseous carbon dioxide through narrow channels.  Difficulties were encountered in our 
investigation of flow characteristics in the round expansion geometry due to the lens nature of the tube.  
Recommendations will be made concerning future shadowgraph work in narrow channels. 
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Chapter 2: Experimental Setup 
In order to visualize the flow of carbon dioxide and refrigerant compressor oil through optically accessible 
test sections, several visualization techniques were used.  This chapter is organized into three different sections, 
which correspond to the setups used for the three different visualization techniques used: laser induced fluorescence 
(LIF), high-speed cinematography and shadowgraph.   
Laser-induced fluorescence and high-speed visualization experiments were first conducted on an off-the-
shelf constant inner diameter (ID) Suprasil quartz tube, during the manufacturing phase of the more complicated 
expansion geometries.  This allowed for the establishment of the visualization techniques on relatively simple 
geometries.  It also allowed us to establish a permanent experimental setup that only required replacing the constant 
ID test section with the expansion geometry once manufacturing was completed.  With this in mind, the schematics 
shown for the LIF, high-speed video and shadowgraph experiments are representative of all phases of 
experimentation, with the only variable being the “test section” portion of the schematic.  A detailed description of 
the three different test section geometries will begin the discussion of the experimental setup.   
2.1. Optically Accessible Test Sections 
Three different test section geometries were used throughout the course of experimentation: a constant ID 
Suprasil quartz tube, a “step-change” expansion quartz tube, and a square cross-section quartz tube.  The round 
quartz tubing was manufactured by Technical Glass Products in Painesville, OH and the square quartz geometries 
were manufactured by Reliance Glass in Elk Grove Village, IL.  Different aluminum mounting pieces were also 
constructed at the Mechanical Science and Engineering machine shop. 
2.1.1. Constant inner diameter test section 
The quartz tube and aluminum mounting pieces shown in Figure 2.1 were used in the initial stages of 
experimentation to establish the flow visualization techniques used in later experiments.  The aluminum pieces were 
constructed with 1/4” NPT fittings on both pieces, a 2 mm diameter hole at the entrance side of the tube and a 4 mm 
diameter hole at the exit side.  The aluminum pieces were connected to the experimental loop using compression 
fittings.  A leak-tight seal was established between the quartz tube and aluminum using -007 series O-rings at both 
ends of the tube.  The quartz was Suprasil brand quartz used for its high transmission percentages of the UV light 
used in LIF experiments.  The quartz tube was 75 mm in length, with an outside diameter (OD) of 8 mm and an 
inside diameter (ID) of 4 mm.  The tube was pressure-tested up to a static pressure of 100 bar. 
2.1.2. “Step-change” expansion test section 
Following the establishment of the visualization techniques in the constant ID capillary tube and initial 
experimentation, flow visualization proceeded using the quartz expansion geometry shown in Figure 2.2.  In order to 
simplify the design process and to provide simple integration into the established test loop, a design similar to the 
constant ID test section was used.  Also, the quartz expansion geometry was designed to use the same outlet side 
aluminum piece shown in Figure 2.1, thus only requiring the construction of a new inlet side aluminum piece. 
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Figure 2.1: Constant ID quartz test section 
 
Figure 2.2: Step-change expansion quartz test section 
The new inlet side aluminum piece has a 1/8” NPT hole fitted with a compression fitting for integration 
into the test loop.  The inlet hole in the aluminum piece matches the inlet diameter of the tube, measuring 2 mm.  A -
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004 series O-ring was used to provide the seal between the quartz tube and aluminum piece.  The quartz tube itself 
has a 2 mm ID and a 4 mm OD on the inlet side and a 4 mm ID and an 8mm OD at the outlet side.  The tube again 
had an overall length of 75 mm to allow the use of the same standoffs.  The expansion region of the tube measures 8 
mm in length and has a half-angle expansion of 14°.  The tube was pressure tested up to a static pressure of 100 bar. 
2.1.3. Square cross-section test section 
The square cross-section test section was used in shadowgraph experiments in order to eliminate the 
problematic lens-nature of the round tubes.  The square tubing, produced from quartz, required the construction of 
two new aluminum pieces as shown below in Figure 2.3. 
 
Figure 2.3: Square cross-section quartz test section 
Creating a leak-tight seal around a square tube presented an interesting engineering challenge in designing 
the aluminum pieces.  The design that was chosen used a design similar to the previous test section, but due to 
problems machining a square O-ring groove, some modifications had to be made to the design.  As can be seen in 
Figure 2.3, an aluminum compression disk was used in order to allow machining access to the square O-ring groove.  
A -013 series O-ring provides a seal between the compression plates and the main aluminum pieces and also 
provides a seal between the quartz tube and the aluminum.  This setup was shown to hold pressure up to 60 bar 
(static pressure) before minor leakage would occur.  The inlet and outlet sides both take 1/4” NPT fittings and have a 
4 mm hole on the inlet and outlet side that meet up with the openings on the tube.  The overall length of the tube was 
again 75 mm.  The quartz tube itself is square in shape with a constant inner hydraulic diameter of 4 mm and an 
outside hydraulic diameter of 8 mm. 
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2.2. Laser-Induced Fluorescence Setup 
A schematic of the experimental apparatus used in the laser-induced fluorescence experiments is shown in 
Figure 2.4.  The regulator on the carbon dioxide cylinder was used to control the inlet side pressure of the CO2 and, 
subsequently, the mass flow rate.  The mass flow rate and density of the CO2 was measured using a Micro Motion 
CMF025M Coriolis mass flow meter calibrated for carbon dioxide.  The mass flow meter outputs a linear current 
signal ranging from 4 to 20 mA, which was run across a 250 Ω resistor.  Voltage was then measured across the 
resistor by the data acquisition board and scaled appropriately in LabVIEW (see Chapter 2.5).  As recommended by 
Micro Motion for gaseous flows in horizontal pipes, the flow meter was placed in the “tubes up” orientation (see 
Figure 2.5a).  
 
Figure 2.4: Laser-induced fluorescence schematic 
 
(a) (b) 
Figure 2.5: Flow meter orientations, (a) CO2 flow meter, “tubes up,” (b) Oil flow meter, “tubes horizontal”  
Oil was metered from a Parker Hydraulics A2N0010D3K piston accumulator that was pressurized with 
nitrogen.  Oil flow rate was controlled through the regulator on the nitrogen cylinder.  Initial experiments in the 
constant ID quartz tubes proceeded without on-line measurement of oil mass flow rate and results were reported as a 
function of the differential pressure across the oil accumulator.  However, an additional Micro Motion CMF010 
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Coriolis mass flow meter was subsequently added for more accurate control over the oil mass flow rate.  The 
CMF010 signal was calibrated for the polyolester oil and measurements were taken in a manner identical to that of 
the CO2 mass flow meter.  As recommended by Micro Motion for all applications using the CMF010, the meter was 
placed in the “tubes horizontal” orientation (see Figure 2.5b). 
Pressure and temperature measurements of the mixed CO2-oil stream were taken at both the inlet and outlet 
sides of the test section.  Pressure was monitored using two Setra Model 209 pressure transducers.  Temperature 
measurements were made using two Omega T-Type thermocouples.  Both pressure and temperature measurements 
were captured and recorded using the data acquisition (DAQ) setup discussed in Chapter 2.5.  A photograph of the 
test section and measurement devices is included in Figure 2.6.   
  
(a) (b) 
Figure 2.6: Experimental setup for LIF, (a) Test section, viewed from location of the ICCD, (b) Oil accumulator 
As seen in Figure 2.4, the excitation source for all LIF measurements was the fourth harmonic (266 nm) of 
a Spectra Physics PRO-250-10 Nd-YAG laser.  A laser power of 20 mJ/pulse was used in experiments involving the 
expansion geometries in order to avoid the burning of tubes that occurred in initial experimentation using higher 
laser powers.  A 1 mm wide by 20 mm long laser sheet was formed using a +200 mm cylindrical quartz lens and 
was focused on the center line of the test section using a series of UV prisms. 
Laser-induced fluorescence signal collection was accomplished using an Andor iStar ICCD camera placed 
perpendicular to the laser sheet.  The camera is equipped with a Marconi 77-00 CCD chip having 512x512 active 
pixels with a pixel size of 24 μm.  Laser pulses and signal collection were synchronized using a Stanford Research 
Systems DG535 Delay Generator set to a delay of 190.3 μs.  An exposure time of 200 ns was used along with a 
nominal gain of 174.  The dependence of the actual luminous gain on gain setting is logarithmic with the maximum 
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of 255 corresponding to a luminous gain of 10,000.  All images obtained are the result of an integration of 5 
consecutive images on the CCD chip.  In order to filter out incident light reflections from the tube walls a filter pack 
consisting of a 295 nm long-pass filter paired with a WG1 filter was used.  A 105 mm, f# 4.5 UV-Nikkor lens was 
used in conjunction with three 27.5 mm extension tubes.   
2.3. High-Speed Video Setup 
A schematic of the experimental apparatus used in the high-speed video experiments is shown in Figure 2.7. 
 
Figure 2.7: High-speed video experimental setup schematic 
The camera system used for acquiring the high-speed videos was a Vision Research Phantom v7.0 
unintensified CCD high-speed video camera (see Figure 2.8).  A frame rate of 15,000 frames-per-second was used 
with an exposure time of 61 μs.  A 105 mm UV-Nikkor lens was used in these experiments at an f# of 4.5 along 
with three 27.5 mm extension tubes.  The test section was backlit using a Lenox FI 150 fiber optic light, which was 
passed through an opaque glass plate (not shown in Figure 2.8).  The flow diagnostic equipment (e.g. pressure 
transducers, thermocouples, flow meters, etc) was the same as that discussed in Chapter 2.2.   
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Figure 2.8: High-speed camera experimental setup 
2.4. Shadowgraph Setup 
A schematic of the experimental apparatus used in the shadowgraph experiments is shown in Figure 2.9. 
 
Figure 2.9: Shadowgraph experimental schematic 
Initial shadowgraph experiments were attempted with a helium-neon laser, but it was determined that the 
laser intensity was not high enough to pass through the tube and produce representative shadows.  The He-Ne laser 
was replaced by an Oxford Lasers LS-20-50 copper vapor laser in order to achieve higher laser power.  The beam 
was magnified using a 4x objective and collimated with a 1 m convex lens.  The high-speed camera described in 
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Chapter 2.3 with the same UV-Nikkor lens was used.  The flow measurement instruments shown in Figure 2.9 are 
described in detail in Chapter 2.2 and pictured in Figure 2.6.   
2.5. LabVIEW Data Acquisition Setup 
All of the instrumentation was monitored and recorded through an M-Series National Instruments DAQ 
board installed in a Pentium 4 Dell Dimension 4600.  The BNC connectors on a National Instruments BNC-2110 
shielded connector block were used for analog voltage measurements of the flow diagnostic instruments, including 
the thermocouples, Coriolis flow meters, and pressure transducers.     
Scaling of the pressure and mass flow signals was accomplished within National Instruments LabVIEW 
software.  Voltage signals of 6 channels (2 mass flow meters, 2 pressure transducers and 2 thermocouples) were 
captured at 1,000 Hz, with an average of 100 sequential readings displayed on the front panel (see Figure 2.10).  
Cold-junction compensation was accomplished using the DAQ assistant virtual instrument for T-type 
thermocouples.  All flow data measurements were written to a Microsoft Excel spreadsheet at 10 Hz.   
The detailed configuration of the LabVIEW block diagram as well as the connections to the data 
acquisition board are provided in Appendices A and B respectively. 
 
Figure 2.10: LabVIEW front panel 
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Chapter 3: Flow Visualization in a Round, Straight Tube 
The first step in obtaining quantitative flow visualization results of CO2-oil mixtures was the establishment 
of the visualization techniques on a relatively simple geometry.  Therefore, a straight channel was chosen (see 
Figure 2.1) and flow visualization techniques were established using laser-induced fluorescence (LIF), high-speed 
cinematography and laser-based shadowgraph.  Results from these experiments provided background knowledge, 
useful in experiments with expansion flows. 
3.1. Laser-Induced Fluorescence Measurements 
In order to pursue a reliable measure of polyolester (POE) oil mass flow rates, laser-induced fluorescence 
signal was measured as a function of injection pressure on the hydraulic accumulator, i.e. the differential pressure, 
ΔP, across the accumulator.  This difference in pressure, ΔP, controls the mass flow rate of oil injected in the CO2 
flow.  For the results reported here, CO2 inlet pressure was maintained at 2.41 MPa and N2 pressure in the 
accumulator was varied between 3.03 and 4.00 MPa in order to effectively vary POE mass flow rate.  All other 
parameters, including upstream and downstream CO2 pressures and temperatures and CO2 mass flow rate were held 
constant for all POE flow rates.  Representative values for these parameters are reported in Table 3.1.  
Table 3.1: Operating conditions for round, straight tube LIF measurements 
Upstream Pressure (MPa) 2.41 
Upstream Temperature (K) 273-283 
Downstream Pressure (MPa) 0.10 
Downstream Temperature (K) 273-283 
N2 Pressure in Accumulator (MPa) 3.03-4.00 
 
While CO2 flow conditions were held constant, the temperature fluctuations shown in Table 3.1 are due to 
the amount of injected oil in the stream.  The temperature reported is of the mixed stream of CO2 and POE, so with 
more POE (at ambient temperature) in the motive stream, higher temperatures were recorded.  Therefore, it can be 
assumed that the CO2 temperature was indeed constant. 
All LIF images were acquired using a constant Nd-YAG laser power of 20 mJ/pulse and a nominal ICCD 
gain of 174.  It is realized CO2 inlet pressure is smaller than the ones encountered in practical CO2 throttling, but as 
far as establishment of the optical diagnostics is concerned, operating with smaller number densities is actually a 
conservative test for establishment of laser-induced fluorescence, since fluorescence signals are stronger for 
increasing dopant number density. 
Indicative results of POE LIF imaging for three oil flow rates are presented in Figure 3.1, which shows the 
mostly homogeneous signal the oil mist generates across the tube cross-section.  It is interesting to note that under 
no test conditions were we able to observe either oil films or droplets of substantial diameter or thickness in the 
quartz test section.  Given that the pixel resolution of our measurements is 8 μm, it is safe to state that oil atomizes 
to very small droplet diameters for the particular conditions presented in this thesis.  The independent parameter for 
Figures 3.1(a,b) is ΔP, which represents the differential pressure across the accumulator, under which injection is 
occurring (i.e. the difference in pressure between the nitrogen used for pressurizing the oil accumulator and the 
injected CO2).  While it is true that the pressure measurement of the injected CO2 was taken after mixing had 
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occurred with the POE, the POE is almost exclusively in the liquid phase and thus the partial pressure associated 
with the liquid oil can be assumed to be negligible.   
 
(a) (b) (c) 
Figure 3.1: LIF images of CO2-POE mixtures in the test section for, (a) ΔP=1.00 MPa, (b) ΔP=1.26 MPa, (c) 
ΔP=1.56 MPa, also indicates the size and location of the integration window 
3.1.1. Extracting quantitative data from LIF images 
In order to acquire a quantitative measurement of relative oil concentration, we assume that the LIF signal 
is proportional to oil number density.  This is justified since these are flows for which the temperature varies in a 
range for which partition function and quenching corrections are negligible [14].  Given the homogeneity of the 
signal from the oil mist, we integrate the signal from a window of 50 x 50 pixels centered on the axis of the tube (as 
shown in Figure 3.1(c)).  The process is performed using a MATLAB code that converts the grayscale intensity 
values corresponding to each pixel from 16-bit integers to double-accuracy real values ranging from 0 (black) to 1 
(white).  Comparisons were made of each ΔP value by computing the average signal intensity of all 2500 pixels in 
the representative sample.  In order to generate a background signal that was appropriately subtracted from the LIF 
data, average signal intensity measurements were also taken for a flow that contained no oil.  The results of this 
measurement as a function of ΔP are reported in Figure 3.2 below. 
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The qualitative increase in POE number density observed during visual inspection of the images shown in 
Figures 3.1(a-c) was verified quantitatively in Figure 3.2 as ΔP is increased from 0.65 MPa to 1.65 MPa.  It is also 
shown in Figure 3.2 that, although simple fluid mechanical arguments for incompressible flow would predict a 
scaling of the injected amount of oil and therefore LIF signal with ΔP0.50 (dashed line in Figure 3.2), a ΔP0.26 
dependence is instead observed experimentally (solid line in Figure 3.2).  This result indicated that the ΔP method 
for measuring oil circulation rate does not provide substantial information regarding the oil flow and led to the 
subsequent integration of the CMF010 Coriolis flow meter for accurate measurement of oil mass flow rate and a 
thorough investigation of the structure of the flow. 
Further investigation was conducted to verify that the results discussed above are not sensitive to the data 
processing algorithm.  Specifically, the integration window size shown in Figure 3.1(c) was varied over a range of 
window sizes and the average signal intensity was calculated as a function of ΔP and then compared for all window 
sizes.  Figure 3.3 shows that differences on the order of 10% in relative oil concentration exist as the integration 
window size is varied from a 10 x 10 pixel window to a 100 x 100 pixel window.  These minor differences confirm 
quantitatively that nebulized oil mists form that are homogenous across the quartz test section.  It is important to 
note that the five window sizes selected were all centered on the same pixel and were selected to fall well within the 
ID of the tube to avoid signal interference from the reflected light from the tube walls.  There is a slight decrease 
with increasing window size, which should be attributed to large-scale inhomogeneities in the oil mist. 
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3.2. High-Speed Video Acquisition 
Flow visualization using the operating conditions shown in Table 3.1 was performed, replacing the LIF 
setup with the high-speed camera setup shown in Figure 2.7.  At this phase of experimentation, the primary concern 
was establishing the viability of high-speed cinematography as a flow visualization technique.  Thus, high-speed 
videos were taken at the same range of ΔP values described in Chapter 3.1, where ΔP again represents the 
differential pressure across the piston accumulator used for storing the polyolester oil.  Still images representative of 
the 15,000 frames-per-second videos will be shown in this thesis; however an extensive data-bank of high speed 
videos has been acquired. 
Figure 3.4 shows four images from four separate videos taken during this phase of experimentation, with 
ΔP (and oil mass flow rate) increasing from left to right.  Figure 3.4(a) shows the straight, round tube with a pure 
gaseous CO2 flow absent of any POE oil.  This video was taken to show that the film structure shown to propagate 
along the length of the tube is solely due to the injection of oil into the stream.  As expected for a structure-less gas 
such as CO2, the video form of Figure 3.4(a) appears as if the tube were sitting in ambient air with no flow is visible.  
 
(a) (b) (c)  (d) 
Figure 3.4: Stills from high-speed videos in straight channel with, (a) No oil flow, (b) ΔP=1.00 MPa, (c) 
ΔP=1.26 MPa, (d) ΔP=1.56 MPa 
Figure 3.4 shows information about the flow structure that was not detected during laser-induced 
fluorescence experiments.  The fact that a noticeable oil film forms around the diameter of the tube was not 
previously detected in LIF experiments.  Using LIF, it is not possible to draw reliable conclusions about film 
structures on the walls of the tube.  This is due to the amount of refraction that occurs near the edge of the LIF 
images shown in Figure 3.1.  As a result, LIF was used as an evaluation of oil mist concentration near the center of 
the tube.  However, the images shown in Figure 3.4 show an oil film on the walls of the tube.  As far as 
establishment of high-speed cinematography as a flow visualization method, it was shown that high-speed video has 
the potential of providing information on oil film structure in expansion tubes not available using LIF.  In these 
constant ID tubes, the film is fairly homogenous along the length of the tube and through the range of oil flow rates.  
However, experiments in an expansion geometry investigate the variability of the oil film across the expansion 
region. 
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3.3. Shadowgraph Image Acquisition 
Initial attempts were made at establishing flow visualization in the constant ID round tubing shown in 
Figure 2.1.  However, it was quickly realized that the tight radius of curvature of the 8 mm OD tubing was acting 
like a lens to the incoming collimated helium-neon laser beam.  Instead of passing a parallel beam through the round 
tubing, the incoming collimated laser was scattered in a manner shown in the ray tracing diagram in Figure 3.5. 
The ray tracing diagram shown in Figure 3.5 was created in RAYTRACE [18].  This figure is the top view 
of the round (green-colored) 8 mm OD, 4 mm ID quartz test section.  A collimated laser beam enters from the left of 
the figure and is scattered due to refraction and internal reflections in the tube.  A simulated screen is shown at the 
right of the figure to demonstrate the fraction of light rays that actually make it to the screen. 
 
Figure 3.5: Ray tracing diagram for incident collimated He-Ne laser source on an 8 mm OD quartz tube 
The light incident on the tube loses intensity and shadowgraph information because of refraction in the 
tube.  In order to more closely show the scattering of light that occurs when the incident light is refracted by the 
tube, the screen shown in Figure 3.5 is located only 2.2 cm from the test section (based on the scaling of the tube), 
which would yield very weak shadowgraph signals.  It is important to remember that magnification and sensitivity 
of the shadowgraph method are increased as the distance between the test section and the screen increases.  If the 
screen were to be moved to a more reasonable distance, on the order of meters, so that shadowgraph images of 
acceptable contrast are acquired, the effects of refraction are compounded as only the rays near the center axis of the 
tube will reach the screen. 
Due to these results and the results from initial shadowgraph experiments in a round tube, it was 
determined that the shadowgraph method is not viable in narrow round tubes of this nature.  Subsequent experiments 
involving shadowgraph method were designed to eliminate the lens nature of this tubing through the redesign of the 
test section.  A square quartz geometry was designed, as shown in Figure 2.3, and the applicability of CO2 flow 
visualization in these geometries was explored with the shadowgraph method.  The results from these experiments 
will be discussed in Chapter 5. 
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Chapter 4: Flow Visualization in an Expansion Tube 
This chapter will present results from flow visualization experiments in the expansion geometry shown in 
Figure 2.2.  While oil mass flow rates were measured accurately during this phase of experimentation (due to the 
addition of a Micro Motion Coriolis mass flow meter), this chapter will begin with LIF results that were obtained in 
the expansion geometry using ΔP as a measure of mass flow rate (as a reminder, ΔP is the differential pressure 
across the oil accumulator).  In these experiments, oil flow rate was held constant by maintaining a constant ΔP and 
the CO2 mass flow rate was varied. The second half of this chapter will discuss visualization experiments as a 
function of measured oil mass flow rate. 
4.1. LIF Results in an Expansion Tube at Variable CO2 Flow Rates 
In contrast with the results presented in Chapter 3 where ΔP was the variable, these experiments maintained 
a constant ΔP value of 1.0 MPa and varied CO2 flow rate.  A value of 1.0 MPa was chosen as an average value used 
during establishment of the LIF technique in the straight tubes.  Carbon dioxide mass flow rate was varied between 
5.7 and 10.1 g/sec.  CO2 mass flow rate was controlled at the inlet of the test section using the regulator on the CO2 
cylinder, operating at pressures between 2.4 and 3.9 MPa.  Nitrogen pressure on the accumulator was varied 
between 3.4 and 4.9 MPa, depending on the CO2 inlet pressure.  A summary of the operating conditions for these 
experiments is reported in Table 4.1.  
Table 4.1: Operating conditions for expansion tube LIF measurements 
CO2 Mass Flow Rate (g/sec) 5.7-10.1 
Upstream Pressure (MPa) 2.40-3.90  
Upstream Temperature (K) 273-283 
Downstream Pressure (MPa) 0.10 
Downstream Temperature (K) 273-283 
N2 Pressure in Accumulator (MPa) 3.40-4.90 
 
The expansion geometry used in this portion of experimentation consisted of three different regions: the 
tube inlet, the expansion region and the tube outlet.  Due to the non-uniform nature of the laser sheet, it was not 
possible to capture a single fluorescence image that was representative of the three tube regions.  It was determined 
that a more representative LIF signal could be captured by taking three individual images (inlet, expansion, outlet) 
for each flow condition.  This was accomplished by setting the test section to the desired operating conditions, 
focusing the laser and ICCD at the inlet and capturing an image.  This process was then repeated for the expansion 
region and the tube outlet, resulting in three distinct images for each flow setting.  Laser power was constant at 20 
mJ/pulse and the ICCD was set to an exposure of 200 ns with a nominal gain of 174.  Indicative results of POE LIF 
imaging for four CO2 flow rates are presented in Figure 4.1.   
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          (a) (b) (c) (d) 
Figure 4.1: LIF results in an expansion tube at various CO2 flow rates, (a) m = 5.7 g/sec, (b) m = 7.1 g/sec, (c) 
m = 8.6 g/sec, (d) m = 10.1 g/sec  
In contrast to the LIF results observed in the straight channel in Chapter 3, the flow is no longer a 
homogenous mist along the length of the tube.  Independent of the CO2 flow rate, the oil present in the inlet section 
of the tube is primarily transported in a mist form with a thin film present at the wall.  However, as the oil moves 
through the expansion region and into the outlet portion of the tube the oil fluorescence signal is primarily at the 
walls of the tube, indicating the presence of an oil film.  This is caused as the finely atomized mist is pushed towards 
the walls of the tube as the gas expands.  This is a striking difference compared to the homogenous oil mist observed 
over the length of the straight channel.   
While no measurable oil droplets were formed, we were able to observe details about the film structure that 
was previously not available in the straight channels.  The image shown below in Figure 4.2 shows an enlarged view 
of the film structure at the outlet of the tube shown in Fig 4.1(a).  A noticeable thickness of oil forms a sheet at the 
tube wall accompanied by a very fine oil mist, which is generated as the gaseous CO2 shears trace amounts of oil 
from the wall.   
 22
 
Figure 4.2: Oil film structure at the expansion tube outlet 
Further investigation of Figure 4.1 shows a qualitative increase in the oil mist fluorescence signal as CO2 
mass flow rate is increased.  This result is most prominent in the inlet and expansion regions of the tube as the oil 
mist concentration noticeably increases as the CO2 flow rate approaches 10.1 g/sec.  Visually, it is difficult to detect 
variation between the oil mist concentration at the inlet and expansion. 
In order to detect the variation in oil mist concentration, quantitative results were obtained from these LIF 
images in a manner described in Chapter 3.1.1.  However, due to the constant magnification used and the varying 
tube diameter, the integration window size was varied over the three sections to ensure it fit within the diameter of 
the tube without interference from reflections at the wall of the tube.  A window size of 15x60 pixels was used along 
the center line of the inlet region of the tube.  This window size was chosen as a reasonable size that fell well within 
the ID of the tube to avoid signal interference from the reflected light from the tube walls.  In order to provide an 
integration window with the same area as the inlet that still fell within the ID of the tube, a 30x30 pixel window used 
at the expansion and the outlet.  Averages of the signal intensity were again calculated in MATLAB and are 
presented in Figure 4.3.  
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Figure 4.3: Relative oil concentration as a function of CO2 flow rate 
The plot shown in Figure 4.3 emphasizes quantitatively what was established visually.  For a given region 
of the tube, oil mist concentration is shown to increase as CO2 mass flow rate is increased, with the expansion region 
showing the highest oil mist concentration.  Also, for a given CO2 mass flow rate, a sharp decrease in oil mist 
concentration is shown when moving from the expansion region to the outlet of the tube.  While the outlet of the 
tube follows the trend of the other regions of increasing oil mist concentration with increasing CO2 mass flow rate, 
the trend is much more subtle when compared to the constant ID inlet region of the tube.  This is due to the strong 
formation of oil films on the wall of the tube.  
4.2. LIF Results in an Expansion Tube at Variable Oil Circulation Rates 
With the addition of a second Coriolis mass flow meter for online monitoring of oil mass flow rates, a new 
testing methodology was investigated using LIF.  In conventional refrigeration loops where circulation is present, 
compressor oil flow rate is defined on a mass basis as a percentage of the refrigerant mass flow rate; this is referred 
to as the oil circulation rate (OCR).  While our system is a once-through design, this section will present oil mass 
flow rate as OCR, indicating the mass percentage of oil that was injected into the CO2 stream.  Typical OCRs in CO2 
systems are less than 1% for compressors with efficient separators and up to 10% for the early prototypes.  Our 
experiments focused on three OCR values of 3%, 5% and 7%.  Fluorescence measurements were performed as a 
function of OCR and CO2 mass flow rate.  This is in contrast to the results of Chapter 4.1, which experimented 
solely with variable CO2 flow rates and held the OCR constant by maintaining a constant ΔP value. 
The results presented here were obtained in a manner identical to that of Chapter 4.1.  Three separate 
images, corresponding to the tube inlet, expansion region and the tube outlet, were obtained for a given flow 
condition.  Laser power was held constant at 20 mJ/pulse and the CCD gain was nominally constant at 174.  The 
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height of the laser sheet was adjusted to the appropriate tube section and the ICCD height was adjusted using a 
single-axis laboratory jack.  Carbon dioxide mass flow rate was varied between 5.7 and 10.0 g/sec.  CO2 mass flow 
rate was controlled at the inlet of the test section using the regulator on the CO2 cylinder, operating at pressures 
between 2.4 and 3.9 MPa.  Nitrogen pressure on the accumulator, used to set the oil mass flow rate, was varied 
between 3.4 and 5.6 MPa, depending on the desired oil circulation rate.  A summary of the operating conditions for 
these experiments is reported in Table 4.2. 
Table 4.2: Operating conditions for expansion tube LIF measurements at variable oil circulation rates 
CO2 Mass Flow Rate (g/sec) 5.7-10.0 
Upstream Pressure (MPa) 2.40-3.90  
Upstream Temperature (K) 275-289 
Downstream Pressure (MPa) 0.51-0.99 
Downstream Temperature (K) 254-283 
N2 Pressure in Accumulator (MPa) 3.40-5.60 
Oil Mass Flow Rate (g/sec) 0.17-0.70 
 
For the range of conditions listed in Table 4.2, polyolester (POE) LIF images were captured and a 
representative sample of the images is presented on the following page in Figure 4.4.  For each OCR setting in 
Figure 4.4, a mixture of CO2 and POE enters from the top-most image (the “inlet”), moves through the “expansion 
region” and exits at the bottom-most image (the “outlet”).  Moving from left to right across Figure 4.4, the CO2 flow 
rate is increased and the oil mass flow rate is adjusted accordingly to maintain a constant oil circulation rate of 3, 5 
or 7 percent by mass.  As a result of the experimental method (i.e. having to capture three separate images), the mass 
flow rate across the length of the test section was held nominally constant for each flow setting, with variations on 
the order of 3% for the carbon dioxide. 
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Figure 4.4: LIF results in an expansion tube at various CO2 flow rates and oil circulation rates (OCR) 
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4.2.1. Qualitative observations 
Qualitatively, the trend in oil mist concentration as CO2 flow rate is increased seems to depend on the 
OCR.  The POE LIF images captured at 3% OCR follow a trend similar to that described in Chapter 4.1, where ΔP 
was held constant at 1.0 MPa.  As a matter of reference, the images presented in this section for the 3% case had a 
constant ΔP that was roughly equal to the ΔP of 1.0 MPa used in the previous section where oil mass flow rates 
were unavailable.  
For the 3% OCR results, a qualitative increase in oil mist concentration in the inlet and expansion regions is 
observed as CO2 flow rate is increased.  In addition, the oil mist concentration observed at the outlet is markedly 
lower than the two preceding regions of the tube.  As described in Chapter 4.1, a large portion of the oil mist present 
in the expansion region of the tube is pushed out to the walls of the tube as the CO2 expands, leading to the stronger 
fluorescence signals at the walls of the tube at the outlet.  While the 3% OCR results showed many similarities to the 
results described in Chapter 4.1, variation in the oil mist concentration trends was observed as the OCR was 
increased to 5 and then 7 percent.   
At 5% OCR, the increase in oil mist concentration as CO2 flow rate increased was much lower than the 3% 
case.  Across the range of CO2 flow rates for 5% OCR, Figure 4.4 shows a nominally steady level of oil mist 
concentration at the inlet and expansion.  Furthermore, the fluorescence signals observed at the walls of the tube 
across the entire test section are much stronger than those observed in the 3% case.  For this range of CO2 flow rates, 
as the OCR is incrementally increased, the tendency of the refrigerant to pull oil from the film on the walls into the 
mist is decreased independent of the CO2 flow rate.  It is important to remember that while the fluorescence signal at 
a given flow rate is visually stronger for the 5% than for the 3% case, this is an expected result as 2% more oil is 
present in the frame.    
For the 7% OCR case, yet another different trend can be observed in Figure 4.4.  As CO2 mass flow rate is 
increased the oil mist fluorescence signal actually appears to slightly decrease.  In comparison to the signal increase 
at 3% and the fairly uniform signals at 5%, this is a surprising result.  Once again, the wall fluorescence signal has 
increased in comparison to the 5% and 3% OCR cases, continuing the trend of the formation of an oil film for higher 
oil concentrations.  Unlike the low concentration case, the oil molecules at the walls of the tube are virtually 
unaffected by the increase in the CO2 mass flow rate.  Instead, a higher percentage of the oil, previously transported 
as a mist, remains at the walls of the tube for the higher CO2 flow rates. 
4.2.2. Quantitative results 
Quantitative results were extracted from the POE LIF images using the method described in Chapter 3.1.1 
and are presented in Figure 4.5 and Figure 4.6.  As a reminder, the “relative oil concentration” in the plots is 
measured by selecting a 50x50 pixel window along the center line of the tube and calculating the average pixel 
intensity of the grayscale image using MATLAB.  A pixel with a value of 0 would indicate a completely black pixel 
and a pixel with a value of 1 would indicate a completely white pixel.  An oil mist with a higher density will yield a 
stronger fluorescence signal and an average pixel intensity closer to 1 than an image taken in the absence of oil.  In 
order to eliminate the effects of noise in the images, a background signal was taken and subtracted from the 
fluorescence images.  These results were then plotted as a function of the CO2 mass flow rate.  For the determination 
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of relative oil concentration, the assumption is made that fluorescence signal is proportional to oil concentration, 
which was discussed in Chapter 1.3.1.   
The three plots shown in Figure 4.5 display the LIF results for each tube region on the same plot, with the 
three separate plots representing the results at 3, 5 and 7% oil circulation rate.  Figure 4.6 shows the same set of data 
as Figure 4.5 in a different manner in order to provide a direct comparison of the three different oil circulation rates.  
In Figure 4.6, the dependence of oil concentration on CO2 flow rate and OCR is presented for different regions of 
the tube. 
The plots in Figure 4.5 show that the oil mist concentration is generally highest at the inlet and drops as the 
flow passes through the expansion region and into the tube outlet.  As was evident in the fluorescence images shown 
in Figure 4.4, the decrease in oil mist concentration at the center of the tube corresponds to an increase in the POE 
fluorescence at the walls of the tube.   
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Figure 4.5: Relative oil concentration as a function of CO2 flow rate for OCR equal to: (a) 3%, (b) 5% and (c) 7% 
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(c) 
Figure 4.6: Relative oil concentration as a function of CO2 flow rate at the converging-diverging nozzle (a) inlet, 
(b) expansion and (c) outlet  
Figure 4.5(a) shows quantitatively the strong increase in oil mist concentration in all regions of the 
expansion tube as the CO2 flow rate is varied from 5.7 g/sec to 9.0 g/sec (at 3% OCR).  Specifically, all three 
regions start out with a common relative oil concentration of 0.15, which corresponds to a CO2 flow rate of  
5.7 g/sec.  However, as the flow approached 9.0 g/sec the inlet oil concentration rose to 0.32 while the expansion 
and outlet regions saw more modest oil mist concentration increases to 0.21 and 0.19 respectively.  As a reminder, 
relative oil concentration is measured by the average signal intensity in the integration window.  A value of 0 
corresponds to a completely “dark” pixel, which is indicative of no oil present, while a value of 1 is a pixel with a 
maximum grayscale intensity of 255, indicative of a large number density of oil. 
These strong increases in oil concentration for the 3% OCR case stand in striking contrast to the 5% OCR 
case of Figure 4.5(b), where relative oil concentration is nominally constant as CO2 flow is increased.  In this case, a 
relative oil concentration of 0.275 at the inlet and expansion corresponds to a CO2 flow rate of 5.5 g/sec.  However, 
as the CO2 flow rate approached 10 g/sec for the 5% OCR case, the inlet oil concentration dropped slightly to 0.25 
and the expansion region oil concentration held relatively steady at 0.26.  Yet another trend was found as the OCR 
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was increased from 5% to the 7% case shown in Figure 4.5(c).  For CO2 flows containing 7% POE by mass, the oil 
mist concentration long the center line of the tube was shown to decrease as CO2 flow rate was increased. 
The plots shown in Figure 4.6(a-c) provide yet another perspective on the effects of varying the OCR for 
the three regions of the tube.  As can be seen in Figure 4.6(a), the relative oil concentration is shown to be 
approximately proportional to the CO2 flow rate at the low OCR value of 3%.  However, as the OCR increases at the 
inlet region of the tube, the strong dependence of relative oil concentration on CO2 flow rate is shown to level off at 
5% and even begins to show an inverse proportionality as the OCR reaches 7% at the inlet.  For the higher oil 
circulation rates of 5 and 7%, the oil flow is transported in the form of a thin film on the walls of the tube, thus 
decreasing the oil mist concentration measured along the axis of the tube.  This trend is true for all three regions of 
the tube and comparisons are presented in Figure 4.6(b) for the expansion region and in Figure 4.6(c) for the tube 
outlet.   
Another interesting trend observed in Figures 4.5(b,c) for the 5 and 7% cases occurs in the expansion and 
outlet regions of the tube.  As the CO2 mass flow rate increases from 5.7 g/sec to 7.3 g/sec in the expansion region in 
Figure 4.5(b) the relative oil concentration decreases from 0.27 to 0.25.  However, in the outlet region the relative 
oil concentration increases from 0.18 to 0.20 as the CO2 flow rate increases from 5.7 to 7.3 g/sec.  Similarly, for the 
next incremental increase in CO2 flow rate from 7.3 g/sec to 8.1 g/sec the relative oil concentration increases in the 
expansion region and decreases in the tube outlet of Figure 4.5(b).  This trend holds true for each subsequent 
increase in CO2 mass flow rate for both the 5 and 7% OCR cases (see Figures 4.5(b,c)).  An increase in relative oil 
concentration (as CO2 flow rate is increased) in the expansion region always yields a lower relative oil concentration 
in the outlet region.  Conversely, a decrease in relative oil concentration in the expansion region always yields a 
higher relative oil concentration in the outlet region.  However, it is important to note that the increase (decrease) in 
relative oil concentration in the expanding nozzle does not precisely cancel the corresponding decrease (increase) in 
the outlet region of the tube.  The assertion is made that a higher oil mist concentration in the expansion region will 
yield a lower oil mist concentration in the diffuser region of the ejector, indicating a higher likelihood of oil film 
formation. 
Further comparison of the LIF results for the three cases reveals interesting information about the 
homogeneity of the flow structure across the three regions of the tube.  In Chapter 3.1 results were presented for 
CO2-POE mixtures in a constant ID tube.  The LIF results presented a homogeneous fluorescence image 
representative of the large-scale homogeneity of the oil structure in the constant ID tube.  With respect to our data 
extraction method, a homogeneous oil mist should be indicated by constant average pixel intensity (indicative of 
relative oil concentration) no matter where the integration window is placed along the length of the tube.  This was 
shown to be the case in Figure 3.3 as the integration window size was varied and variations in relative pixel intensity 
were less than 10%.  In contrast to the homogeneous oil mist structure in the constant ID tube, the oil mist structure 
is noticeably affected by the addition of a diverging region in the tube. 
Focusing on Figure 4.5(a), which corresponds to the 3% OCR case, the relative oil concentration is shown 
to have a strong dependence on the location in the tube.  At a CO2 flow rate of 7.3 g/sec, we measured a relative oil 
concentration of 0.25 at the inlet.  However, for this same flow rate the relative oil concentration had dropped to 
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0.16 as it passed through the expansion region.  This variation in relative oil concentration is consistent across the 
range of CO2 flow rates we sampled at 3% OCR.  As was previously mentioned, if this were the homogeneous case 
of the constant ID tube, relative oil concentration should have been constant at 0.25 no matter which region of the 
tube was sampled.  However, in Figure 4.5(a) as the CO2 flow rate is increased at 3% OCR the average difference in 
measured relative oil concentration between the inlet and expansion regions is 35%.   
In contrast, Figure 4.5(b) (5% OCR) and Figure 4.5(c) (7% OCR) show an increased homogeneity in the 
relative oil concentration along the axis of the tube.  For the case of 5% OCR, Figure 4.5(b) shows a relative oil 
concentration of 0.29 at the inlet and 0.25 at the expansion for a CO2 flow rate of 7.3 g/sec.  This constitutes a 
decrease in relative oil concentration of 13% solely due to the flow moving from the constant ID of the inlet to the 
diverging geometry in the expansion region.  In the case of 7% OCR for the same CO2 flow rate of 7.5 g/sec, Figure 
4.5(c) shows a relative oil concentration 0.38 at the inlet and 0.35 at the expansion, an 8% decrease.  Over the range 
of CO2 flow rates sampled at 5% and 7% OCR, the average difference in relative oil concentrations between the 
inlet and expansion regions is 15% for the 5% OCR case and 20% for the 7% OCR case.  This is representative of 
an increase in homogeneity of the oil mist structure when compared to the 35% difference in relative oil 
concentration seen in the inlet-expansion transition in the 3% OCR case. 
While the inlet-expansion transition showed a more homogeneous oil mist structure for the cases of 5% and 
7% OCR when compared to the 3% OCR case, the opposite is true when looking at the expansion-outlet transition.  
Beginning with Figure 4.5(a) and the 3% OCR case, we measured an average change in relative oil concentration of 
13% due to the flow moving from the expansion region to constant ID outlet region of the tube.  However, a much 
more noticeable difference in relative oil concentration is detected in Figure 4.5(b) (5% OCR) and Figure 4.5(c) for 
the same expansion-outlet transition.  For the 5% OCR case across the range of CO2 flow rates we sampled, the 
average change in relative oil concentration due to the flow transitioning from the expansion region to the outlet of 
the tube is 27%.  An even larger variation of 30% is seen in the expansion-outlet transition of the 7% OCR case.  
This variation in flow structure will be further demonstrated for the 3% case in the following section showing high-
speed video results. 
4.3. High-Speed Video Results in an Expansion Tube 
Flow visualization was performed for the conditions listed in Table 4.2 at 3% OCR using with the high-
speed camera setup shown in Figure 2.7.  Video was captured at a resolution of 256x512 at a frame rate of 15,000 
frames-per-second and an exposure of 61 μs.  Still images representative of the high-speed videos are shown below 
in Figure 4.7.   
While the POE LIF images represent the oil mist concentration along the axis of the tube, the high-speed 
video results present details about the oil film structure along the length of the tube.  The LIF results presented in the 
previous section discussed the lack of homogeneity in the flow structure as the POE-CO2 mixture moved from the 
inlet to the expansion region of the tube.  Looking at Figure 4.7a, this same trend can be seen in the oil film 
structure.  As the flow passes   from the inlet to the expansion, the oil film appears to suddenly change structure 
about mid-way through the expansion region.  Inspection of the high-speed videos shows the oil film propagating at 
a constant velocity downward through the inlet and then through the first one-third of the expansion region.  
However, beyond the point corresponding to the film discontinuity in Figures 4.7(a,b) (refer to the red arrow in the 
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expansion region), the oil film appears to stagnate and build up on the walls of the tube as the film thickens at the 
latter portions of the expansion and through the outlet region of the tube.  This trend, while less pronounced, is 
visible throughout the range of CO2 flow rates shown in Figure 4.7.  
Due to the fact that a film of oil prohibits the visual inspection of the oil mist in high-speed video 
experiments, conclusions about the homogeneity of the flow structure are dependent on the oil film structure on the 
walls.  With this in mind, it is interesting to note the lack of homogeneity of the oil film structure in Figures 4.7(a-d) 
as the flow passes through the inlet and into the expansion regions of the tube.  This lack of homogeneity in the 
inlet-expansion transition is similar to the lack of homogeneity seen in the earlier LIF results for the 3% OCR case.  
However, as the flow passes through the expansion region and into the outlet of the tube, the film appears to take on 
a uniform structure that is constant through the remainder of the tube.  Referring again to the results in Figure 4.5(a), 
it can be seen that relative oil concentration lines for the expansion and outlet regions are nearly identical for the 3% 
OCR case.  This is in agreement with the nearly homogeneous oil film at the expansion and outlet regions shown in 
the high-speed video results in Figures 4.7(a-d).  So, observing the homogeneity of the film structure across the 
expansion and outlet regions in Figures 4.7(a-d) and combining with the results of Figure 4.5(a), we conclude that 
uniformity in the oil film structure is representative of a homogeneous flow structure across the diameter of the tube.   
 
 (a) (b) (c) (d) 
Figure 4.7: High-speed video stills in an expansion tube at various  CO2 flow rates, (a) m = 5.7 g/sec, (b) m = 
6.7 g/sec,  (c) m = 9.3 g/sec, (d) m = 9.7 g/sec  
Further information about the flow structure is made available when viewing the high-speed videos in 
motion.  As was previously stated, the oil mist structure is normally obscured by the thickness of the oil film on the 
walls of the tube.  However, if the oil film on the walls is thin enough, the high-speed CO2-oil mist mixture passing 
along the axis of the tube does become visible.  This situation arises for the higher CO2 flow rates of 9.3 g/sec and 
9.7 g/sec shown in Figures 4.7(c,d).  For these CO2 flow rates a fine oil mist suspended in gaseous CO2 is seen to 
pass along the axis of the tube.  For a constant OCR of 3%, this can only occur if the oil film on the walls has 
thinned enough to permit viewing of this mixture.  While the thick oil film structure associated with the low mass 
flow rates of CO2 do not pass enough light to allow for viewing the oil mist structure, as the CO2 flow rate is 
increased the oil film thins and sufficient light (provided by the fiber optic light used for backlighting the test 
section) passes through the oil film, where it is then scattered by the oil mist and is captured by the high-speed 
camera (refer to Figure 2.8 for information on the experimental setup).   
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Chapter 5: Shadowgraph in a Square Tube 
As was previously discussed in Chapter 3.3 and shown in Figure 3.5, initial shadowgraph experiments in 
round quartz tubing were shown to be unsuccessful in gathering desired shadowgraph information.  Due to the small 
radius of curvature, the 8 mm OD tubing acted like a lens to the incoming collimated helium-neon laser beam.  
Instead of passing a parallel beam through the round tubing, the incoming collimated laser was refracted and 
internally reflected in the tube.  This resulted in a dark shadow on the screen in the place of the desired shadowgraph 
information.  As a result, a test section with a square cross-section (shown in Figure 2.3) was designed that would 
eliminate the lens nature of the round tubing, while still allowing visual access for flow visualization experiments.  
A ray-tracing diagram on the following page in Figure 5.1 shows how the use of a square cross-section eliminates 
the lens-nature of the tubing and allows the collimated beam entering from the left to pass through the test-section 
largely unperturbed by the effects of refraction and internal reflection in the walls of the tube.  Along with the 
integration of the square test section, a more powerful copper vapor laser was used in order to ensure that 
shadowgraph experiments were not limited by the relatively low power helium-neon laser.   
 
Figure 5.1: Ray tracing diagram for incident collimated He-Ne laser source on an 8 mm square cross-section 
quartz tube 
In much the same way that the round tube experiments began, experiments in the square geometry began as 
a “proof-of-concept.”  Experiments were conducted by passing a gaseous flow of nitrogen through the square test 
section and used the copper vapor laser as the incident light source in the shadowgraph setup.  It was determined that 
the lens-nature of the tubing had been eliminated by integrating a square tube into the test section.  However, it is 
important to note that, in order to take advantage of the benefits provided by the flat surfaces of the square tubing, it 
is absolutely essential to use a collimated light source that is directly perpendicular to the flat face of the test section 
and parallel to the working surface (e.g. optical table).   
As a reminder, shadowgraph employs the approximately linear relation of the index of refraction in a gas to 
density.  However, the density fluctuations in the constant hydraulic diameter of our test section are negligible and 
as a result our shadowgraph images showed little more than the light passing through the test section unperturbed.  
However, we were able to establish that in the presence of a perturbation in the flow (such as an expansion) 
shadowgraph in a narrow square tube is possible and will provide details about flow structure.  As a result a 
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subsequent square cross-section tube was designed to include the same “step-change” expansion used in the round 
tubing in this experiment.  This design is shown below in Figure 5.2.  Recommendations for future experiments 
using this geometry will be discussed in the recommendations for future work in Chapter 6. 
 
Figure 5.2: Square cross-section expansion tube 
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Chapter 6: Conclusions and Recommendations for Future Work 
6.1. Conclusions 
An optically accessible test section was constructed to simulate the flow of CO2-POE mixtures through 
refrigerant ejectors.  Experiments were conducted in a constant ID round quartz tube and flow visualization 
techniques were established using laser-induced fluorescence, high-speed cinematography and laser-based 
shadowgraph.  For the constant ID test section, oil flow was only observed as a finely nebulized mist with a thin oil 
film on the circumference of the tube.  With a pixel resolution of 8 μm in our experimental setup, we were unable to 
produce droplets of measurable diameter (larger than 8 μm) for all test conditions.  It was also determined that the 
oil mist is homogenous across the test section.  Initially, polyolester LIF signal was measured as function of the 
difference in pressure between the nitrogen used for charging the hydraulic accumulator and the CO2 inlet pressure.  
It was established that this was an inaccurate way to monitor oil flow and an accurate measurement of oil flow rate 
was added by way of an additional Coriolis mass flow meter.   
With the flow visualization techniques established in the constant ID tube, experiments continued in an 
optically accessible quartz expanding nozzle.  Furthermore, integration of the additional mass flow-meter allowed 
for investigating the effects of oil circulation rate on oil transport phenomena.  Laser-induced fluorescence 
experiments showed a lack of homogeneity in the oil mist concentration as the CO2-POE mixture moved through the 
diverging region of the tube.  For the 3% OCR case, the oil mist concentration experienced a sharp decrease when 
passing from the inlet through the expansion region of the tube, but remained fairly homogeneous through the 
expansion-outlet transition in the tube.  Furthermore, relative oil concentration was shown to be approximately 
proportional to CO2 mass flow rate, with the highest oil concentrations measured in the inlet of the tube just before 
the expansion. 
The proportionality between relative oil concentration and CO2 flow rate observed in the 3% OCR flows 
was not followed as the OCR was increased to 5%, in which case the dependence leveled off, and even showed a 
slight inverse proportionality for the 7% OCR case.  It was concluded that this is due to the increased likelihood of 
the formation of oil films at higher OCR values.  This was confirmed experimentally as LIF results showed strong 
fluorescence signals at the walls of the tube outlet and expansion region for the 5% and 7% OCR case. 
Initial shadowgraph experiments in round tubing were met with limited success due to issues with 
refraction of the incident laser beam.  As a result, a new test section was designed that implemented a square cross-
section test section, which eliminated the lens nature observed in the round tubing.  The square geometry proved to 
be a useful tool if flow visualization is to be pursued using the shadowgraph method.  A square cross-section with a 
step-change expansion was designed and recommendations will be made for experimentation in the following 
section. 
6.2. Recommendations for Future Work  
The current investigation was performed at pressures substantially lower than the operating conditions for 
CO2-based refrigeration systems and still in the gaseous region.  The validity of our conclusions drawn for these 
relatively low pressure flows should be investigated with high-pressure supercritical CO2-oil mixtures.  The quartz 
test sections used in these experiments were shown to be safe at pressures up to 10 MPa.  In order to achieve these 
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supercritical flows, the CO2 cylinder would need to be warmed above room temperature and a CO2 compressor 
would need to be added to the test loop to bring the operating pressure and temperature above the conditions 
corresponding to the critical point of CO2, i.e. 7.3 MPa and 31.0 °C. 
Using the proposed design shown in Figure 5.2, shadowgraph experiments should be pursued in an 
expanding nozzle.  It has been shown through our work that the shadowgraph experiments in square tubing 
eliminates the lens effect associated with round tubing and will provide detailed information about CO2 flow 
structure.  Shadowgraph has the ability to detect expansion fans and shock waves that may occur during expansion 
and will allow for a detailed investigation into the effects of CO2 flow structure on ejector performance. 
Further experiments should be conducted that investigate the effects of compressor oil type and viscosity 
on the conclusions drawn in our research.  Also, it may be interesting to explore how accurately the geometry of the 
expansion region can be controlled in the manufacturing phase of the glass tubes.  This would allow for a detailed 
investigation of the effects of expansion angle and nozzle geometry on the structure of the flow.   
Additional experiments have been proposed that make use of the setup and knowledge gained during the 
experiments presented here.  These experiments would conduct visualization of two-phase CO2 flows in small 
straight and micro-finned non-adiabatic ducts that are to be used in CO2 evaporators.  The purpose of the study is to 
establish modes of boiling and quality distribution in these ducts and try to rationalize already published results on 
heat transfer coefficient and pressure drop.  These experiments would use the flow visualization techniques 
established in this thesis.  In the absence of the oil used in our experiments, a small amount of acetone would be 
introduced in the CO2 gas as a marker of the liquid phase in LIF experiments.  The acetone dopant would provide a 
distribution of mass of the liquid phase and therefore quality along the tubes. 
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Appendix A: LabVIEW Block Diagram 
 
Figure A.1: LabVIEW block diagram 
iii 
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Appendix B: Data Acquisition Wiring Schematic 
 
Figure B.1: Data acquisition wiring schematic 
